Micro embossing is an effective way to fabricate a polymethyl methacrylate (PMMA) specimen into micro-scale array structures with low cost and large volume production. A new method was proposed to fabricate a micro-lens array using a micro-electrical discharge machining (micro-EDM) mold. The micro-lens array with different shapes was established by controlling the processing parameters, including embossing temperature, embossing force, and holding time. In order to obtain the friction coefficient between the PMMA and the mold, ring compression tests were conducted on the Shenzhen University's precision glass molding machine (SZU's PGMM30). It was found that the friction coefficient between the PMMA specimen and the mold had an interesting change process with increasing of temperature, which affected the final shape and stress distribution of the compressed PMMA parts. The results of micro-optical imaging of micro-lens array indicated that the radius of curvature and local length could be controlled by adjusting the processing parameters. This method provides a basis for the fabrication and application of micro-lens arrays with low-cost, high efficiency, and mass production.
Introduction
The micro-lens array (MLA), called a Fly-eye lens, is widely used in optical communication, lighting displays, optical sensors, and illumination because of its unique structures and function. There are many methods that can fabricate micro-lenses, including plasma etching [1] , laser ablation [2] , micro-milling [3] , photolithography [4] , micro-injection [5] , glass reflow [6] and micro hot embossing [7] [8] [9] [10] [11] [12] . Wherein, micro hot embossing is regarded as one of the most promising processes for mass production.
Micro hot embossing is a flexible and low-cost technique, consisting of heating, embossing, and cooling. In recent years, many types of hot embossing processes have been reported, including PDMS (polydimethylsiloxane) soft mold imprinting [13] [14] [15] [16] [17] , Deep reactive ion etching (DRIE) Si template duplicating [18] , LIGA (Acronym of German words: Lithografie, Galvanik, Abformung) Ni mold copying [19] , focused ion beam (FIB) mold embossing [20, 21] , and roll-to-roll embossing [22, 23] . The quality of the embossed micro-lens depends on the precision of the mold insert. For morphologic accuracy of mold fabrication, the mold with the micro-hole array is an effective tool to form the micro-lens array. Schulze et al. [24, 25] first proposed the contactless embossing technology to fabricate a micro-lens array (CEM). CEM is a potential method for the achievement of mass production. Xie et al. [26] fabricated a polymer refractive micro-lens array on a stainless steel through-holes template by contactless hot embossing. Moore et al. [27] investigated the effects of processing parameters in the polymer substrates contactless embossing process. The method is a reliable way to produce a micro-lens. In recent years, micro-EDM was widely investigated [28, 29] . However, it was first used to fabricate the micro-hole array in this study, which was then used for the manufacturing of the micro-lens array.
The friction coefficient between polymethyl methacrylate (PMMA) and the mold interface plays an important role in the process, affecting the molding force and demolding force [30, 31] . The friction at the interface of mold/PMMA affects the wear of the mold surface (the mold life and the quality of the embossed lens) [32] . Male and Depierre [33] used a ring compression test to characterize the friction behavior, indicating the universal friction calibration curves. The ring compression test is a reliable way to determine the friction behaviors between PMMA and the mold [34] [35] [36] .
The fabrication of a micro-lens array was investigated using contactless micro-embossing with an EDM-mold. To verify the friction behaviors between PMMA and the mold, ring compression tests were carried out on a Shenzhen University's precision glass molding machine. Then, the micro-hole of the SKD-11 mold was fabricated by electric discharge machining. After that, we obtained a series of micro-lens arrays by contactless embossing at different processing parameters. ABAQUS software was used for the finite element simulation of the PMMA embossing process. Finally, the micro-optical performance of the micro-lens array was measured using optical experiment apparatus. Table 1 shows the characteristics of PMMA and mold tools (SKD-11). SKD-11 (wt%: Cr(15%), C(1.55%), Mo(0.7%), V(1.0%), Mn(0.3%), Si(0.25%)) is a tool steel widely used in the fabrication of molds. At room temperature, PMMA is a glassy polymer, with a glass transition temperature of 105 • C and melting temperature of 220 • C. Figure 1a shows that the PMMA rings were fabricated with an internal diameter (ID) of 6 mm, an outer diameter (OD) of 12 mm, and a height (H) of 4 mm, which is a standard ring ratio of OD:ID:H = 6:3:2. Figure 1b shows that effect of friction magnitude on the PMMA deformation during the ring compression test. The high friction force leads to an inward flow of the PMMA material when a ring is compressed between flat molds. On the contrary, the inner diameter of ring increases when the friction is low. Therefore, we can obtain the friction coefficient between PMMA and mold by this relationship. The surface roughness of the PMMA ring is between Ra 5 to 7 nm (see Figure 1f) . Our team conducted a series of ring compression tests on SZU's PGMM30 (see Figure 1c,d) . The heating chamber provided a vacuum, or Nitrogen environment, for the embossing process. The upper mold remained stationary, while the lower mold was driven upward and downward by an AC servomotor system. The load of the system was monitored by a load cell with a resolution of 1 N. During the embossing stage, the lower mold position was recorded by a position sensor with a resolution of 1 µm. To obtain the relationship between friction coefficient and temperature, a series of rings were compressed under different temperatures (90, 105, 120, 135, and 150 • C). Figure 1e shows the history of temperature, force, and position time. Figure 1f shows the compressed PMMA ring under different temperatures. downward by an AC servomotor system. The load of the system was monitored by a load cell with a resolution of 1 N. During the embossing stage, the lower mold position was recorded by a position sensor with a resolution of 1 μm. To obtain the relationship between friction coefficient and temperature, a series of rings were compressed under different temperatures (90, 105, 120, 135, and 150 °C). Figure 1e shows the history of temperature, force, and position time. Figure 1f shows the compressed PMMA ring under different temperatures. 
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Materials
Ring Compression Test
The Manufacture of the Micro-EDM Mold Insert
The copper micro-electrode, of which diameter was 250 μm, was used in micro-EDM to process micro-hole arrays. Figure 2a shows the schematic of the micro-EDM. Figure 2b shows the image of the electrical discharge machine (Sodick, Japan). The processing parameters of micro-EDM consist of voltage, pulse frequency, pulse width, and pulse interval [37, 38] . Through adjusting the processing parameters, micro-EDM can effectively fabricate micro-hole arrays. In the micro-EDM process, the voltage was set as 100 V, applied to the material. The workpiece material was a SKD-11 mold tool. The pulse frequency was set to 0.2 MHz. The pulse width and pulse internal was set to 500 and 400 nanoseconds, respectively. Figure 2c,d show the experimental results. From the local SEM image of micro-hole array, the diameter of micro-holes is consistent. It is noteworthy that the side wall of micro-holes is not smooth. Therefore, the micro-hole array needs to be polished being applying in embossing. The micro-electrodes always have wear during micro-EDM process, which results in the inconsistent depth of micro-holes [37] . In the study, the fabrication micro-hole was blind. The wear of micro-electrodes affected the depth accuracy of micro-holes, which should be avoided. Thus, the depth of micro-holes was ensured by position compensation. The diameter and depth of each hole was around 320 and 300 μm, respectively. 
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Fabrication of Micro-Lens Array
The micro-embossing process includes presetting, heating, embossing, cooling, and demolding (see Figure 3) . The processing parameters, such as embossing temperature, embossing pressure, keeping pressure, embossing time, and cooling velocity, have great influence on the friction characteristic, deformation behavior, and replication quality of hot embossing micro structures.
At the beginning of embossing, the chamber of the embossing apparatus was vacuumed using a 
At the beginning of embossing, the chamber of the embossing apparatus was vacuumed using a vacuum pump. Then, the mold and the PMMA material were heated to a temperature between glass transition and melting point, and soaked for about 100 s to make temperature uniformly distributed. Furthermore, the lower mold was moved by the servomotor drive, controlled by load cell and position sensor. The embossing pressure was in the range of 200-800 N. Finally, nitrogen flowed through the embossing chamber to cool the molds and substrate to a certain temperature. When the mold cooled to room temperature, the PMMA substrates were demolding. The main influencing factors, including embossing temperature, embossing pressure, and holding time, were performed with sensitivity analysis by investigating orthogonal experiment. In our case, the orthogonal experiment was composed of three factors with three levels, namely embossing temperature, embossing force, and holding time (see Table 2 ). Table 2 . List of factors, levels for orthogonal design. At the beginning of embossing, the chamber of the embossing apparatus was vacuumed using a vacuum pump. Then, the mold and the PMMA material were heated to a temperature between glass transition and melting point, and soaked for about 100 s to make temperature uniformly distributed. Furthermore, the lower mold was moved by the servomotor drive, controlled by load cell and position sensor. The embossing pressure was in the range of 200-800 N. Finally, nitrogen flowed through the embossing chamber to cool the molds and substrate to a certain temperature. When the mold cooled to room temperature, the PMMA substrates were demolding.
The main influencing factors, including embossing temperature, embossing pressure, and holding time, were performed with sensitivity analysis by investigating orthogonal experiment. In our case, the orthogonal experiment was composed of three factors with three levels, namely embossing temperature, embossing force, and holding time (see Table 2 ). 
Finite Element Model
Between glass transition and melting temperature, PMMA shows as viscoelastic behaviors. In this study, the viscoelastic material was treated as a general Maxwell model. The temperature dependence of PMMA material can be treated as a Thermally Rhetorically Simplicity (TRS) model by the Williams-Landel-Ferry (WLF) equation [39] . C1 and C2 are the WLF equation constants that can be fitted. The response of PMMA material to the continuous stress history can be expressed by the general Maxwell model
where t is the current time; τ the past time; w i are the weigh factors; and G is the modulus of material. Stress relaxation at different temperatures can be expressed by WLF Equation [39] log
where T ref is the reference temperature and C 1 and C 2 are the WLF equation constants that can be fitted.
As for the PMMA material, C1 and C2 can be taken as 17.4 and 51.6, respectively [40] . The mechanical properties were obtained from the literature [41, 42] . Figure 4 shows the initial geometry of the model, including the PMMA, the upper mold, lower mold, and mold core. In order to reduce the computation, one fourth of the coupled thermal-displacement model was developed in the software. The PMMA was modeled as linear viscoelastic material, and the molds were treated as elastic material. Two master-slave types of contact interaction pairs were established when the interface behaviors were treated as hard contact and coulomb friction model with penalty formulation. The PMMA/mold interface friction coefficient was obtained from the ring compression tests. The surfaces of upper and lower mold were defined as the master surface. The vertical displacement of the upper mold was fixed with the horizontal displacement to keep free. The heating mechanism in the PMMA embossing refers to gap heat conductance and radiation. 
Results and Discussion
Friction Coefficient between PMMA and Mold
Friction at the mold/PMMA interface affects the flow ability, molding force, shape of molded PMMA, and mold life in forming process. To understand the deformation behaviors of PMMA, numerical simulation is an effective method to predict the shape of molded PMMA. Figure 5a shows the simulation results of the PMMA ring for different interface friction coefficients, assuming the PMMA ring was pressed to the same vertical displacement. If the interfacial friction was low, the deformation configuration of the PMMA material was radially outward. On the contrary, the inner diameter reduced when the external diameter increased with the increased friction coefficient. Figure 5b shows the change curve of the ring deformation during the pressing stage. Figure 5c shows the numerical friction calibration curves by extracting the dimensional changes of the PMMA ring. 
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the simulation results of the PMMA ring for different interface friction coefficients, assuming the PMMA ring was pressed to the same vertical displacement. If the interfacial friction was low, the deformation configuration of the PMMA material was radially outward. On the contrary, the inner diameter reduced when the external diameter increased with the increased friction coefficient. Figure 5b shows the change curve of the ring deformation during the pressing stage. Figure 5c shows the numerical friction calibration curves by extracting the dimensional changes of the PMMA ring. To investigate the influence of temperature, the forming temperature of the PMMA ring was set at 90, 105, 120, 135 and 150 °C, respectively. Figure 6a shows the deformation dimension of the pressed rings at the range of 90-150 °C. Interesting changes were that the inner diameter of PMMA ring largened as the temperature rose, and the outer diameter was slightly bulged. Therefore, we obtained the friction condition by observing the dimensional changes of the inner diameter. The inner diameter and height of the ring after cooling were measured by digital Vernier caliper. Table 3 shows the experimental results of the ring compression test. To reduce the size error, each dimension was measured ten times in each different position, with the average taken. Figure 6b To investigate the influence of temperature, the forming temperature of the PMMA ring was set at 90, 105, 120, 135 and 150 • C, respectively. Figure 6a shows the deformation dimension of the pressed rings at the range of 90-150 • C. Interesting changes were that the inner diameter of PMMA ring largened as the temperature rose, and the outer diameter was slightly bulged. Therefore, we obtained the friction condition by observing the dimensional changes of the inner diameter. The inner diameter and height of the ring after cooling were measured by digital Vernier caliper. Table 3 shows the experimental results of the ring compression test. To reduce the size error, each dimension was measured ten times in each different position, with the average taken. Figure 6b shows the numerical calibration curves and measured data points. The friction coefficient at the PMMA/mold was obtained by comparing the friction curves and experimental data. In the range of 90-150 • C, the friction coefficient decreased with the increasing pressing temperature. This was because the deformation resistance gradually reduced by raising the temperature.
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Fabrication of Micro-Lens Array
The height ratios of the micro-lens array change with different processing parameters. It is worth mentioning that the profile of micro-lens array can be replicated randomly by controlling the embossing conditions. The three processing parameters had significant effects on the deformation of the micro-lens array. The results indicated that the flow behaviors of PMMA were much better with the increase of embossing temperature. In addition, the increasing holding pressure and time can reduce the recovery deformation of micro-lens array. The height ratios of micro-lens array became larger as the embossing force rose. Figure 7 shows the embossed PMMA microstructure under different processing parameters. The aspect ratios of the microstructure changed with different processing parameters. Much like the profile of micro-lens array, the profile of microstructure can also be replicated randomly by controlling the embossing conditions. With the increase of temperature, the depth of the replicated structures increased, and their recovery deformation decreased. The defects occurred on the edge of the microstructures, due to the mold quality, because the edge of mold machined by EDM appeared with some defects affecting the replication quality. In the future studies, the problem of fabrication quality will be solved by polishing or coating. The ContourGT-X 3D Optical Profiler (Bruker, Germany) was used to observe the surface morphology and profile shape. Figure 8 shows the measurement results of different embossing processing parameters, and the 3D profile and shape of the formed micro-lens array (with diameter ≈ 300 μm, and height ≈ 10 μm) corresponding to Figure 7a . Figure 8b shows the profile shape of the micro-lens array (with diameter ≈ 300 μm, and height ≈ 33 μm) by filtering. It can be concluded that embossing temperature and force are the important factors on the contactless hot embossing process. The ContourGT-X 3D Optical Profiler (Bruker, Germany) was used to observe the surface morphology and profile shape. Figure 8 shows the measurement results of different embossing processing parameters, and the 3D profile and shape of the formed micro-lens array (with diameter ≈ 300 µm, and height ≈ 10 µm) corresponding to Figure 7a . Figure 8b shows the profile shape of the micro-lens array (with diameter ≈ 300 µm, and height ≈ 33 µm) by filtering. It can be concluded that embossing temperature and force are the important factors on the contactless hot embossing process. The ContourGT-X 3D Optical Profiler (Bruker, Germany) was used to observe the surface morphology and profile shape. Figure 8 shows the measurement results of different embossing processing parameters, and the 3D profile and shape of the formed micro-lens array (with diameter ≈ 300 μm, and height ≈ 10 μm) corresponding to Figure 7a . Figure 8b shows the profile shape of the micro-lens array (with diameter ≈ 300 μm, and height ≈ 33 μm) by filtering. It can be concluded that embossing temperature and force are the important factors on the contactless hot embossing process. The stress inside the microstructure affected the optical quality of the embossed micro-lens because of temperature gradient during cooling. The simulation can be used to investigate the evolution mechanism of residual stress during hot embossing. Figure 9 shows the Von Mise stress and friction shear stress of the micro-lens array from FE simulation. The maximum stress focused on the edge of the microstructure, and the lowest stress took place around the center of microstructure. The deformation characteristic of the PMMA during hot embossing is dependent on temperature. The stress concentrated in the contact edge region of the lens, during thermal loading process, which led to large plastic deformation in the region. Stress concentration and shear flow led to the defects and strain hardening of the micro-lens, affecting the optical quality. The friction coefficient had a great effect on the shear deformation. To reduce the stress concentration and shear stress, we increased the temperature of mold in the certain range. The stress inside the microstructure affected the optical quality of the embossed micro-lens because of temperature gradient during cooling. The simulation can be used to investigate the evolution mechanism of residual stress during hot embossing. Figure 9 shows the Von Mise stress and friction shear stress of the micro-lens array from FE simulation. The maximum stress focused on the edge of the microstructure, and the lowest stress took place around the center of microstructure. The deformation characteristic of the PMMA during hot embossing is dependent on temperature. The stress concentrated in the contact edge region of the lens, during thermal loading process, which led to large plastic deformation in the region. Stress concentration and shear flow led to the defects and strain hardening of the micro-lens, affecting the optical quality. The friction coefficient had a great effect on the shear deformation. To reduce the stress concentration and shear stress, we increased the temperature of mold in the certain range. 
Micro-Optics of Micro-Lens Array
The optical quality of the micro-lens array was the most important parameter. To verify the imaging performance of the micro-lens array, it can be detected by optical measurement system. Figure 10a shows the schematic diagrams of the system. The experiment system consisted of a charge-coupled device (CCD) camera, workbench, directional light source, and computer system. The system had the advantage of convenience and rapid response. Through the projection information, we can estimate the imaging quality. Figure 10b -j shows the focused light spots of the embossed micro-lens array corresponding to micro-lens array of Figure 7 . The light spots of the micro-lens array had a great difference in the same projection position. From the imaging performance of the micro-lens array, the processing parameters had a great influence on the profile of the lens array. The light spots are non-uniform due to the non-uniformity of the lens shape. In the embossing process, the deformation of the PMMA material had a recovery stage, which was related to the temperature and pressure. When the embossing temperature is 105 °C with embossing force of 200 N and holding time of 120 s, the 
The optical quality of the micro-lens array was the most important parameter. To verify the imaging performance of the micro-lens array, it can be detected by optical measurement system. Figure 10a shows the schematic diagrams of the system. The experiment system consisted of a charge-coupled device (CCD) camera, workbench, directional light source, and computer system. The system had the advantage of convenience and rapid response. Through the projection information, we can estimate the imaging quality. the embossing temperature is 105 °C with embossing force of 200 N and holding time of 120 s, the micro-lens endured larger recovery deformation than that of other processing parameters. Large recovery led to irregular deformations if the process had no intervention. An apparent optical imaging difference can be observed among these micro-lenses under different processing parameters. The temperature and the embossing force were the two crucial parameters affecting the fabrication of micro-lens array. Figure 10b-j shows the focused light spots of the embossed micro-lens array corresponding to micro-lens array of Figure 7 . The light spots of the micro-lens array had a great difference in the same projection position. From the imaging performance of the micro-lens array, the processing parameters had a great influence on the profile of the lens array. The light spots are non-uniform due to the non-uniformity of the lens shape. In the embossing process, the deformation of the PMMA material had a recovery stage, which was related to the temperature and pressure. When the embossing temperature is 105 • C with embossing force of 200 N and holding time of 120 s, the micro-lens endured larger recovery deformation than that of other processing parameters. Large recovery led to irregular deformations if the process had no intervention. An apparent optical imaging difference can be observed among these micro-lenses under different processing parameters. The temperature and the embossing force were the two crucial parameters affecting the fabrication of micro-lens array.
Conclusions
This work reported the embossed micro-lens arrays based on micro-EDM micro-hole array molds. The ring compression test indicated that in the viscous region, the friction force between PMMA and mold decreased as temperature rose. The recovery occurred in the cooling stage without loading, which affected the replication precision. The embossing temperature and force affected deformation and surface morphology of the embossed micro-lens array. The results of this work indicated that the deformation behaviors can be used to fabricate different local lengths of micro-lens. Contactless embossing on the micro-EDM molds was a flexible method with low cost for fabrication of micro-structures arrays. 
